Isoprene emission in relation to stomatal distribution and conductance was determined for the hypostomatous species, aspen and white oak, and the amphistomatous species, cottonwood. For aspen and oak, isoprene emission from the adaxial (nonstomatal) surface was <2% of that from the abaxial (stomatal) surface, even when stomata were closed by addition of abscisic acid (ABA). When treated with ABA, the total flux rate of isoprene emission from leaves of these two hypostomatous species was unchanged, despite decreases in stomatal conductance of over 90%. The lack of control over isoprene emission rate by stomatal conductance, despite the apparent movement of isoprene through the stomatal pores, was due to increases in the intercellular isoprene concentration that compensated for the decreased stomatal conductance and restored the equilibrium between the isoprene synthesis rate and emission rate. This relationship was demonstrated by (a) an experiment in which the decrease in the internal isoprene pool following the imposition of darkness took longer in the presence of ABA than in its absence, and (b) direct measurements of the internal isoprene concentration through vacuum extraction, which revealed substantially higher values in the presence of ABA than in its absence. In the amphistomatous species, cottonwood, isoprene was emitted from both surfaces and addition of ABA caused an increase in isoprene emission from one surface coupled with a decrease from the other surface. The specific surface exhibiting an increase varied among leaves, with some leaves exhibiting an increase from the adaxial surface and other leaves from the abaxial surface. We interpret this as indicating nonuniform stomatal closure with concomitant emission of isoprene at the greatest rate from the surface with the highest stomatal conductance. We also observed an increase in the total isoprene emission rate from cottonwood leaves following treatment with ABA. We interpret this as indicating a stimulation of isoprene synthesis in response to ABA or stomatal closure, with unknown cause.
When treated with ABA, the total flux rate of isoprene emission from leaves of these two hypostomatous species was unchanged, despite decreases in stomatal conductance of over 90%. The lack of control over isoprene emission rate by stomatal conductance, despite the apparent movement of isoprene through the stomatal pores, was due to increases in the intercellular isoprene concentration that compensated for the decreased stomatal conductance and restored the equilibrium between the isoprene synthesis rate and emission rate. This relationship was demonstrated by (a) an experiment in which the decrease in the internal isoprene pool following the imposition of darkness took longer in the presence of ABA than in its absence, and (b) direct measurements of the internal isoprene concentration through vacuum extraction, which revealed substantially higher values in the presence of ABA than in its absence. In the amphistomatous species, cottonwood, isoprene was emitted from both surfaces and addition of ABA caused an increase in isoprene emission from one surface coupled with a decrease from the other surface. The specific surface exhibiting an increase varied among leaves, with some leaves exhibiting an increase from the adaxial surface and other leaves from the abaxial surface. We interpret this as indicating nonuniform stomatal closure with concomitant emission of isoprene at the greatest rate from the surface with the highest stomatal conductance. We also observed an increase in the total isoprene emission rate from cottonwood leaves following treatment with ABA. We interpret this as indicating a stimulation of isoprene synthesis in response to ABA or stomatal closure, with unknown cause.
ance and a 70% reduction in photosynthetic CO2 assimilation rate (7). Tingey and coworkers (13) have also demonstrated that in water-stressed oaks, isoprene emission rate did not decline under conditions where leaf conductance declined substantially. Such results might be explained in two possible ways. First, when stomata close, isoprene emission might occur through the cuticle. Second, the synthesis rate of isoprene might not be decreased by stomatal closure, resulting in a buildup of the intercellular isoprene concentration until the emission rate once again comes into equilibrium with the synthesis rate. Here we describe experiments designed to measure cuticular and stomatal transport of isoprene in an effort to distinguish between these two possibilities.
There is evidence in the literature that isoprene is indeed emitted through stomatal pores. Tingey et al. (13) examined this issue using live oak leaves, where a glass cuvette was mounted on either the abaxial (stomatal) or adaxial (nonstomatal) surfaces, and observed that isoprene accumulation in the cuvette was over 25 times higher from the abaxial surface. Given the apparent role of stomatal pores in providing the path for isoprene emission, it thus seems enigmatic that we observe no change in isoprene emission rate when stomata are induced to close.
Considerable interest in the factors regulating the isoprene emission rate from leaves has recently arisen because of the important role this hydrocarbon has in influencing the oxidative capacity of the troposphere and generating tropospheric ozone and carbon monoxide (3, 5, 15 
MATERIALS AND METHODS

Methods
The experiments were conducted using three tree species, aspen (Populus tremuloides Michaux.), white oak (Quercus alba L.), and cottonwood (Populus fremontii L.). Experimental material was obtained from trees of these species growing naturally on the University of Colorado campus. Small branches bearing 5 to 10 leaves were cut under water and immediately transported back to the laboratory. The cut end of the branch was then kept under water during the experimental measurements. All branches were cut from the outer canopy on the sunny side of the tree, and all experiments were conducted between midsummer and early fall before leaves showed any signs of seasonal senescence. (±) Cistrans-ABA was obtained from Sigma Chemical Co.
Gas Exchange System and Isoprene Detection
Details of the gas-exchange system, including the on-line isoprene detector, have been provided elsewhere (4, 8) . In the experiments described here, we modified the system only in the use of a two-sided, clamp-on leaf cuvette, with which we could independently monitor gas exchange sequentially on the top or bottom surfaces of a leaf. This cuvette consisted of a nickel-plated aluminum frame with double glass windows on each side, between which water flowed for maintenance of a constant leaf temperature. The cuvette enclosed 7.5 cm2 of leaf area. The circular upper and lower halves of the cuvette were 4.5 and 11.3 cm3 in volume, respectively.
Measurements were taken using the upper or lower chambers, respectively, by switching the sampling gas stream between the two; the leaf was left in a horizontal position with the adaxial surface toward the light source. During the sampling of one side of the leaf, we maintained a flow of ambient air through the opposite chamber to ensure ventilation of the leaf surface not being sampled. Although the cuvette had no fans for creating a turbulent air mixture, the small volume and high air flow rates that we used ensured rapid movement of air through the cuvette and presumably the prevention of stagnant air pockets (complete cuvette air exchange was typically 40 times/min).
In all experiments, leaves were monitored for at least 1 h after placement in the cuvette to ensure that the process of cutting from the tree and transport to the lab had no effect on the steady-state fluxes of isoprene, H20, and CO2. Branches with leaves that exhibited erratic or steadily decreasing fluxes were not used for further measurements.
In all experiments, leaf temperature was 30 ± 10C, photon flux density was 1000 ,umol m2 s-', ambient CO2 partial pressure was 350 ,ubar/bar, and the leaf-to-air water vapor partial pressure gradient was maintained between 5 and 8 mbar/bar.
Direct Extraction of Leaf Isoprene Counts
In one experiment, we attempted a direct measurement of the isoprene concentration in leaves treated with or without ABA. Stems containing approximately 10 leaves were cut under water and transported to a greenhouse maintained at 25 to 280C, and placed under a light source that provided 500 to 1000 ,umol m-2 s-1. Stomatal conductance was measured on several leaves with a portable porometer (LiCor, model 1600) to establish that a steady-state stomatal conductance was obtained (typically within 0.5 h). The cut stems were then placed in a second container containing distilled water or a solution of 20 uM (±) cis-trans ABA. The effects of ABA uptake through the transpiration stream were detectable within 15 min. After leaf conductance had declined at least 90% as measured with the porometer, leaves were cut from the stems, one at a time, rapidly placed into glass vials that were then sealed with Teflon septa, and plunged into liquid nitrogen. This operation took approximately 8 s/leaf. In the case of larger white oak and cottonwood leaves, half a leaf was cut for each sample. Vials containing leaves were stored in liquid nitrogen until they were analyzed within 4 h.
The isoprene content of frozen leaf samples was measured by GC with an instrument equipped with a vacuum inlet and cryogenic loop for preconcentration of leaf-emitted volatiles. It was operated as described previously (4, 7). Vials containing leaf samples were removed from liquid nitrogen, and the frozen leaf contents were transferred rapidly to 50-mL polyethylene bottles in such a way as to avoid any thawing of the leaf material. (Before each use, bottles were sealed with Teflon tape, evacuated, and leak tested with the vacuum inlet system.) Each bottle was immediately sealed with a leak-tight lid connected to the vacuum inlet by Teflon tubing, and volatiles were collected on the cryogenic loop (-1960C) for 8 min while holding the bottle in a sonic bath at 400C. Under these conditions, >95 % of leaf isoprene was volatilized, along with a complex array of other leaf volatiles. Shorter sampling times or lower bath temperatures decreased the complexity of the volatile mixture that was obtained, but also reduced the recovery of isoprene. To resolve isoprene from other leaf volatiles, capillary GC was carried out isothermally at 0°C, which provided a retention time for isoprene of 3.65 ± 0.05 min, with the capillary column and carrier gas flows as previously described (4, 7).
Stomatal Distribution
We determined that the experimental material we used possessed stomatal distributions as follows: aspen and white oak were hypostomatous, whereas cottonwood was amphistomatous. These determinations were made by examination of leaf surfaces with a light microscope, and by examination of plastic epidermal imprints prepared as described previously (14) .
Determination of Intercellular Isoprene Concentrations
The flux of isoprene from a leaf can be described by traditional models of diffusion as follows: uis = (Csi -CSO)gis (1) where Jls is the rate of isoprene efflux, C1si and Cs5, are the intercellular and ambient concentrations of isoprene, respectively, and gjs is the leaf conductance (stomatal plus boundary layer) to isoprene. Assuming that gis = gw(DIs/Dw) (2) where gw is the conductance to water vapor, and D1s and Dw are the diffusion coefficients for isoprene and water vapor in air, respectively, then Cisi = C1s5 + (Dw JIs/Dis gw).
The diffusion coefficient of isoprene in air has not been reported. Lacking all the physical data needed for isoprene from the adaxial surface compared to the abaxial surface. This relationship did not change substantially as a result of ABA addition to the transpiration stream. However, we did observe slight increases in the amount of isoprene emitted from the adaxial surface after addition of ABA, suggesting that as the stomatal pores on the bottom surface close, there is a slight tendency for adaxial, cuticular isoprene transport to increase. Despite the inducement of stomatal closure by ABA, the total amount of isoprene flux from oak and aspen leaves remained essentially constant. Isoprene emission from the amphistomatous leaves of cottonwood occurred in nearly equal amounts from the adaxial and abaxial surfaces (Table II ). The addition of ABA to the transpiration stream generally resulted in a greater reduction of isoprene flux from the adaxial surface compared to the abaxial surface (Fig. 1) . However, this relationship was variable, and in some leaves we observed greater reductions in the abaxial flux of isoprene. Out of seven different replications of this experiment, we observed two cases where the adaxial flux of isoprene increased and five cases where the adaxial flux decreased after ABA addition (Table II) . In all but one of the seven cases, an increase in isoprene emission from one leaf surface was accompanied by a decrease from the other surface. When the total isoprene flux from the two surfaces was summed, it became apparent that in cottonwood, unlike the other two species, the addition of ABA resulted in an increased total isoprene emission rate.
To demonstrate that the lack of stomatal control over isoprene emission rate was not due to an artifact of our artificial additions of ABA through the transpiration stream, we repeated some experiments on aspen leaves, using a dehydration treatment rather than ABA addition, to stimulate stomatal closure ( Fig. 2A) Figure 2B . In this example, the reduction of stomatal conductance due to leaf drying resulted in an increase in the C1si value from 1 to 32 umol/mol. C1si was quite sensitive to changes in stomatal conductance at low conductance values. For example, in the experiment depicted in Figure 2B , a reduction in stomatal conductance from 22 to 8 mmol m-2 s-' resulted in an increase in Cms, from 11 to 32 ztmol/mol.
In an effort to gain additional evidence that indeed C1s increases in response to stomatal closure, we investigated the rate at which the intercellular pool of isoprene empties into the ambient air after the imposition of darkness. It has previously been shown that isoprene synthesis is light dependent and that the internal pool of isoprene disappears quickly upon the imposition of darkness (8) . We hypothesized that if C1si increases after stomatal closure, then it should take longer following the imposition of darkness for the internal pool to disappear. The results presented in Figure 3 support this hypothesis. It took longer for the intemal isoprene pool to decrease to zero in the presence of ABA than in its absence. This same result was obtained in two duplicate experiments.
In an effort to obtain a more direct measure of Cisi and its response to stomatal closure, we conducted an experiment to vacuum extract and quantify the isoprene from leaves in the presence or absence of ABA (Fig. 4) . The extractable isoprene was considerably higher for leaves in the presence of ABA than in its absence in all three of the experimental species. The absolute amounts of isoprene that were detected in this experiment should be used with caution, because it is possible that dimethylallyl diphosphate, the precursor to isoprene formation (11) , is converted to isoprene during the 8-min volatilization period at 400C. This could lead to overestimates of the isoprene content. However, when viewed in a relative sense, these results provide evidence of increases in the internal leaf isoprene content in response to ABA-induced stomatal closure. DISCUSSION The results of this study confirm that isoprene emission occurs through the stomatal pores (also see ref. There are three lines of evidence that support the conclusion that intercellular isoprene concentration increases during stomatal closure. First is the corollary to the conclusion that isoprene emission occurs through the stomatal pore; i.e. that isoprene emission is subject to the laws of diffusion. As a diffusive process, the intercellular isoprene concentration must increase during stomatal closure if a constant or increased flux is to be maintained. Second is the support derived from the fact that the internal isoprene pool in aspen leaves decreases more slowly after the imposition of darkness in the presence of ABA (Fig. 3) . This can only be explained by an increase in the intercellular isoprene concentration or an ABA-stimulated increase in the isoprene synthesis rate immediately following darkness. To date, most available evidence indicates that isoprene synthesis is light dependent (6, 7, 9, 10) , and there is no evidence of ABA stimulation of isoprene emission from aspen leaves (7) . At this time, the simplest explanation of the results of Figure 3 is that intercellular isoprene concentration increases during stomatal closure. Third is the direct measurement of increased extractable isoprene in the presence of ABA (Fig. 4) . The fact that isoprene concentration increased in the presence of ABA in all replicates supports our hypothesis of increased intercellular concentrations during stomatal closure.
In the amphistomatous species, cottonwood, we observed variable influences of adaxial and abaxial stomatal closure on isoprene emission rate. In some experiments, stomatal closure resulted in decreased isoprene emission rates from the adaxial surface coupled with increased emission rates from the abaxial surface, but in other experiments, the opposite pattern was observed. These inconsistent patterns may reflect nonuniform and variable closure of stomata, which has been demonstrated as an effect of ABA treatment (12) . Thus, ABA could induce the closure of adaxial or abaxial patches of stomata in variable ways, with the consequence being increased or decreased isoprene emission, depending on the number and size of the closed patches.
Assuming no influence of ABA or stomatal closure on isoprene synthesis rate, then the buildup of intercellular isoprene should only occur to the point where the isoprene emission rate comes back to equilibrium with the synthesis rate, i.e. the same synthesis rate that existed before stomatal closure. This prediction held true in the experiments with oak and aspen, the two hypostomatous species. However, in our experiments with cottonwood, we observed an increased rate of total isoprene emission from the leaf (both surfaces summed) after stomatal closure, compared to before stomatal closure (Table II) . This cannot be explained as an artifact of our gas exchange system, in which there might have been a pressure difference between the two halves of the leaf cuvette. We designed the measurements such that the air flow rate (and thus pressure buildup) for most measurements was slightly higher in the chamber being monitored compared to the other side of the leaf (which would be at slightly lower pressure). Thus, any error due to pressure differences should have been observed as a reduction in isoprene emission rate, not an increase. We conclude that there is likely a physiological or biochemical reason for the increased isoprene emission rate during ABA-induced stomatal closure in cottonwood, but at this time we do not know its basis.
In conclusion, we have demonstrated that the apparent lack of control over isoprene emission rate by stomatal conductance is due to compensatory changes in the intercellular isoprene concentration such that equilibrium is maintained between the isoprene synthesis rate and the emission rate. Our observations of the relationship between such compensatory changes and emission rate equilibrium are restricted to the slow changes in stomatal conductance brought about by acute water stress or ABA treatment. In those cases where the environment induces more rapid changes in stomatal conductance, such as during rapid changes in the light environment, transient decreases or increases in emission rate might more closely correlate with stomatal conductance. The results of this study indicate that in most cases, the modeling of isoprene emission from forest canopies can be simplified by not considering stomatal conductance dynamics, except for the influence of conductance on canopy transpiration and energy balance. Models that concentrate on the biochemical basis for the rate of isoprene synthesis should accurately reflect the steady-state rate of isoprene emission.
